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Abstract

For a 2D transonic shock-boundary layer inter-
action, the effects of wall-to-total temperature
ratio and of flow constraints imposed downstream
of the shock have been investigated experimentally.
A normal shock wave was established in a M = 1.43
flow over a flat plate in a Ludwieg tube at a fiow
length Reynolds number varying from 9 x 106 to
36 x 106, Stream total temperature was varied in
the range 263°K to 350°K, and the effects on shock
configuration and flow variables were measured.

The skin friction and velocity profiles were found
to be affected, but the pressure distribution and
shock configuration remained nearly unchanged. A
summary plot of these and earlier results shows
that the separated length depends only weakly on
Re § , but that it increases strongly with Mach
number and stream temperature. In order to explore
the effect of a diverging flow field downstream

of the shock, such as that which might be encoun-
tered on an airfoil, a shock holder having a
perforated top wall was tested. The shock bifurca-
tion height and the length of the separated region
were both found to increase strongly with the
degrze of the downstream flow divergence.

Nomenclature
A Cross-sectional area
C,. Skin friction coefficient (referenced to

"

sonic conditions)

H Boundary layer profile shape factor,670
h Open height of shock holder exit

L Length of flat plate

1 Generic flow length

lg Length of separated flow region

M Mach number

p Pressure

Reg  Revnolds number based on plate length
and undisturbed boundary layer thick-
ness, respectively

T Temperature

t Time

u Streamwise velocity

W Mass flow rate per unit area

\ Streamwise coordinate, in model frame of
retercnce

*Sponsored by AFOSR, Contract No. F43620-76-
C-n57, by ONR, Contract No. MO014-"6-0-0630
and hv NALAIR, tontract No. NNOO19-T7-C-0179,
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X Streanwise distance from shock wave
y Normal coordinate
a Streamline angle
-] Boundary layer thickness
§* Displacement thickness
9 Momentum thickness or Heat transfer parameter
A Height of bifurcated shock wave
g Ratio of open-to-closed area in perforated
shock holder
Subscripts and Superscripts
K At location of kink in surface pressure

distribution
o At stagnation
At start of surface pressure rise

At location of the onset of flow separation
(does not apply to 1lg)

In the undisturbed flow ahead of interaction
At the wall

At the edge of boundary layer

At bifurcation point

+ » O £ ¢

Critical flow conditions (M = 1); does not
apply to § *

Introduction

Scaling of transonic wind tunnel data to fuli
scale conditions when a shock wave-turbulent bhcund-
arv laver interaction is imbedded in the flow
remains one cf the important unsolved probiems in
aercdvnamic applications. In the late sixties, the
conventional technique of simulating Mach number
in the overall flow and compensating for full scale
Reynolds number (Rep) effects on the viscous layer
by producing artificially early transition wore
found to have serivus shortcomingsl. . lMore than
a decade of effort in the development of new
testing facilities and in the experimental investi-
gation of the interaction phenomena has foliowed.
The latter has produced a fairly consistent phe-
ncmenolcgical description of the interaction over
a range of some of the governiag parameters. Ilicw-
ever, unresolved features are still present and no
set of criteria which permit modeling at less than
full scale Rey has emerged. Recently the develop-
ment of cryogenic wind tunnels for high Rewnolds
testing has added new emphasis to problems related
to temperature effects.

The resuits of a Caispan investigation of the
effects of Re;molds number changes (at high
Revnolds numbess’ on the transonic (M = 1.1) shock-
wave houndary-laver interaction on a flat plate
have been reported carlier3. This paper is con-
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cerned with the results of two sets of experiments
designed to explore the effects of changes in two
additional similarity parameters: the ratio of
wall-to-total temperature and the geometry of the
subsonic flow boundary downstream of the inter-
action. The experiments may serve any of several
purposes by providing a description of the phe-
nomena which result from changes in the parameters
considered, by supplying a local picture of the
flow field which may be patched into a larger
description of the flow field in the vicinity of
an airfoil, or by supplying data which may be used
to anchor the theoretical codes which are now
becoming capable of attacking the same interaction
problem.

The flow region that is of concern in studies
of separated transonic shock-wave boundary layer
interactions is sketched in Fig. 1, Three basic
experiments may be used to simulate this flow
region. First, an airfoil may be used to generate
a supercritical flow and shock embedded in an
essentially subsonic stream. Alternatively a
bump on a wind tunnel wall may accomplish the
same objective. Finally a shock generator (holder)
may be used to develop the desired shock structure
in a fully supersonic incoming stream. The
experiment reported here belongs to the last
category, the choice having been made on the basis
of using a large scale model to permit a detailed
probing of the interaction and to provide a high
test Rey. Thus, only a neighborhood of the wave/
viscous interaction occurring on an airtoil is
simulated. In Fig. 1 tnis is characterized by
multiples (n,m) of a characteristic interaction
length (1) to be specified. Natural choices for
the latter length could be: any distinctive length
of the viscous layer (8§ , for example), the length,
of the characteristic shock bifurcation in the
inviscid field (A) or the length of the region of
separated flow (lg), when this occurs.
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Fig. 1 Typical region for local shock-boundary Isyer
intgraction simulstion.

The first series of experiments reported here
may be viewed as an attempt to simulate under
varying heat transfer conditions the shock wave-
boundary layer interaction standing on a flat plate
in an unconfined flow. To the extent that the
dimensions of the interaction region are small
compared with those of an airfoil the experiment
can also he considered to represent a first
approximation to a local description of the shock-
boundary layer interaction occurring on an airfoil.
This approximation may not always be a good one as
we shall see later. In the second series of

experiments the boundary conditions downstream of
the shock were changed in a manner which would
impose an adverse pressure gardient on an unsepa-
rated flow. This is a situation which may arise
on the surface of an airfoil when the interaction
region is long enough so that the effect of the
non-parallel airfoil flow field becomes significant
within the interaction length.

For the experimental results to be of maximum
use, conditions at the boundaries of the observed
interaction neighborhood should be completely
determined. In the case of the ideal flat plate
this is, at least in principle, easily accom-
plished. The incoming flow would be described by
a viscous surface boundary layer together with
the uniform parallel inviscid flow field only
slightly modified by the presence of the boundary
layer on the plate. The upper boundary surface,
provided that it can be located far enough from
the plate, consists of a streamline parallel to
the plate. It is isobaric and supersonic upstream
of the shock and isobaric and subsonic downstream
of the shock. Provided that the outlet surface is
located far enough downstream, it also is isobaric
and contains a fully developed viscous layer
consistent with the local inviscid flow. The out-
let flow field, however, is more complicated than
the inlet flow since the bifurcated shock intro-
duces a slip surface. The flow length required
for this slip surface to disappear completely
might, depending upon the height of the bifurca-
tion, be very long and in a reasonable experiment
it is more probable that the slip surface will be
smoothed but not eliminated completely.

In neither of the two experiments reported
here was the flow at the boundaries as simple as
described above. In these experiments, as well as
in most other experiments of similar type, the top
boundary was too close to satisfy completely the
requirements for unconfined flow. This results
from a compromise between the need to obtain a
high test Reynolds number and the intolerance of
the transonic flow field to the blockage effect
associated with the increase in boundary laver
displacement thickness through the shock wave.
Although the effect is believed not to be large,
the top wall of the shock holder imposes a flow
inclination which is not necessarily that which
would exist at the same height in an unconfined
flow. 1In the second series of experiments the
flow inclination at the top plate was deliberately
chosen to be different from the unconfined flow.
The flow angle near the top plate was then measured
to complete the data set.

Experiment Description

Wind Tunnel Facility

The Calspan Ludwieg tubet is a large scale,
upstream diaphragm facility as shown in the
schematic of Figure 2A. The supply tube is 18.3 m
long and has an inner diameter of 1.1 m. At the
downstream end there is located a diaphragm
station which houses a quick release cutter bar.
The transonic cylindrical nozzle, which follows,
is housed within a large dump tank 2.4 m in diam-
eter and 18.3 m long. The no:z:zle consists of an
entrance section with area contraction of 1.72:1,
followed by a constant area section 0.813 m in
diameter and 2.44 m long. The constant area of
the noz:zle is perforated to a porosity ot 19.1%.
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Fig. 2 Test spparatus.

The perforated nozzle is contained within the evacu-
ated dump tank, and during the experiment sonic
outflow through the walls expands the nozzle flow
to low supersonic Mach numbers. Selective
coverage of some of the perforations permits
streamwise variation of the Mach number. In the
present experiment this feature was used to
reproduce an airfoil-type pressure history in

the boundary layer approaching the shock. Fig-
ure 2B shows one of 17 elements of the perforation
pattern which are equally spaced around the nozzle.
A detailed description of the nozzle design and
pressure distribution is given in Ref. 3.

In the operation of the Ludwieg tube, a Mvlar
diaphragm is inserted at the diaphragm station,
the noz:zle and dump tank are evacuated to a
predetermined pressure, the supply tube is pres-
surized, and the diaphragm is ruptured mechani-
cally. After the transient starting process is
completed, a steady flow is obtained until an
expansion wave travels up the supply tube, reflects
from the end wall, and returns to the nozzle.
Originally, the test time of the facility was
about 45 ms. Llater the facility was lengthened,
and all the experiments discussed here were
performed with about 95 ms of useful test time
available.

The early operation of the Ludwieg tube was
limited to experiments with the entire apparatus
initially equilibrated to room temperature. At
those conditions, the expansion wave propagating
into the supply tube accelerated the gas and
cooled it to a total temperature of about 265°K.
This produced a wall-to-total temperature ratio
of about 1.11 and resulted in heat transfer from
the mode!l to the gas. I[n order to obtain heat
transfer from the gas to the model, the total
temperature was increased by heating the entire
supply tube with electrical heaters mounted around
the exterior surface. This modification allowed
the supply tube to be heated to as high as 550°K.
In the present experiments, temperatures up to
about 400°K were utilized. With the hot supply
tube, the test gas heated up during the pressuri-
zation process and equilibrated at a uniform

temperature very quickly. Five thermocouples
mounted within the supply tube were used to measure
the initial gas temperature and to verify its
uniformity.

Model Description and Operation

The flow channel and shock holder used in
this experiment were designed with the objective
of simulating the flow through a normal shock
wave standing on an airfoil at nearly full scale
Reynolds number. In all experiments an airfoil-
type pressure history was imposed upon the bound-
ary layer approaching the shock. In two separate
series of experiments the boundary conditions
downstream of the shock were treated differently,
however. First the interaction was allowed to
develop in a flow channel which was o approxi-
mately constant cross-sectional area except for
an area increase in the immediate vicinity of the
shock. In an inviscid one-dimensional flow this
area increase, which was required to stabilize the
shock position, would have imposed an adverse pres-
sure gradient upon the subsonic flow immediately
downstream of the shock. In fact it can be seen in
some of the schlieren pictures that the flow
separates from the top wall and the effect of the
area change may have been negated. Later the
shock holder was changed to provide better control
of the streamline shape at the top wall. The
second experimental series described in this paper
was formulated in response to the observation that
on an airfoil the length of the interaction region
is often large enough so that significant changes
in pressure can be expected to occur over its
length. The new shock holder permitted changes to
be made in the boundary condition downstream of
the shock so that the effect of an adverse pres-
sure gradient downstream of the shock could be
investigated.

The flat plate shock holder assembly is shown
schematically in Fig. 2B. The flat boundary
layer plate spanned the 81 cm width of the no:zle
and extended either 124 cm or 241 cm upstream
of the shock position. An additional 107 cm of
plate constituted the bottom wall of the shock
holder flow channel. A steady boundary laver flow,
as evidenced by pitot pressure, static pressure
and skin friction is established con the floor

plate about 15 ms after the start of the experiment.

This is consistent with the time required to
establish turbulent boundary lavers as measured in
Ref. 5.

The flow downstream of the nozzle exit is
constrained by a rectangular shock nholder flow
channel 40.6 cm wide with height depending, as
described later, on the geometry used for the
upper shock holder plate. The side walls of the
rectangular channel extend a few centimeters into
the nozzle exit and divert the thick noz:le
boundary layer. The flow is choked with an
adjustable flap at the exit of the shock holder
channel. It is this flap that, during the starting
process, sends a shock wave system upstream through
the channel and produces the desired shock wave-
boundary layer interaction.

The selection of the shock holder which is
used to stop the traveling shock wave and stahili:ze
it at a fixed position is an important aspect of
the experimental design. A propagating shock can
be weakened and positioned at a fixed location hy

.




decreasing the mass flow per unit area behind it.
This can be accomplished by introducing an area
change in the flow channel or by removing mass
along the shock holder. In the two sets of experi-
ments discussed in this paper both schemes were
used. The shock holder flow channel used in the
temperature ratio investigation is the early one
described in Ref. 3. It is recalled schematically
in Fig. 3A. The channel entrance height is 28 cm.
The area change is formed by a ramp on the top wall
of the shock holder, 10 cm long, which increases
the flow channel height to 33 cm. During the
starting process the choking flap sends a wave
system upstream through the channel. The upstream
progress of the wave system is halted by the area
change. The normal shock wave so formed remains
stable at its test position for a period of 6 to

15 ms, which is adequate to permit the flow to
stabilize and the data to be taken.
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Fig. 3 Model configurations.

The later tests used mass removal through the
top wall to stabilize the shuck. The ramp was
removed from the top wall and replaced by perfora-
tions (12.5% open area) that extend from 2.8 cm
hehind the leading edge to a point near the exit
of the model. Removal of the ramp increased the
entrance height to 33 cm, and the resultant channel
is one of constant cross-sectional area. With this
shock holder the wave system can be stabilized
nearly anywhere along the length of the model
either within the mode! or external to its forward
lip. In general stationary shock structures
lasting 15 to S ms are found to be possible with
this model.

By blocking some of the perforations in the
top plate it was possible with this configuration
to vary the boundary conditions downstream of the
shock wave. Three different perforation distri-
butions are compared with the original area relief
shock holder in Fig. 3. A simple one-dimensional
(1D) characterization of the flow is used to
describe each shock holder. The area relief
holder is described in terms of the variation along
its length of the ratio of local cross-sectional
area to the critical value for the flow downstream
of a normal shock at the test Mach number (A/A*).
Idealized reference values for all flow quantities
are then available using 1D, isentropic relation-
ships. The perforated shock holder is described
in terms of the variation along its length of the
ratio of the critical mass flow per unit area
(for the flow downstream of a normal shock at the
test Mach number) to the local mass flow per unit
area (W*/W). In calculating the latter, the
outflow through the perforations was taken to be
that which would occur if the choked outflow were
driven by the full stagnation pressure downstream
of a normal shock with an orifice coefficient equal
to 1.0. In the 1D characterization, the quantity
W*/W corresponds directly to the quantity A/A* of
a constant-mass-flow-rate channel and comparison
of any flow quantity occurring in the porous or
area relief holder configuration is straightforward.

The three different porosity distributions of
Fig. 3B are labeled according to their average
open area as percentage of the total top wall area
(0). The streamwise distribution of o along the
top wall is also given in each case. In the first
(top to bottom) configuration ¢ varied linearly
from the leading edge of the plate, where the full
12.5% of porosity of the top plate was open, to a
point near the choking flap, where half the
perforations were closed off. The average porosity
was therefore 9.4% and the configuration is des-
ignated 9.4 Linearly Tapered. In the second
configuration, called 4.6 AFT, the open area was
concentrated toward the downstream (aft) end of the
plate and the average porosity was 4.6%. In the
third configuration the average porosity was 6.7%
and the open area was doubly tapered. Tests were
also made using other configurations but only
the above three are discussed in this paper.
Prior to the tests the possibility existed that
changing the shock holder to the perforated con-
figuration and the resulting change in the down-
stream boundary condition might increase the
length of the separated flow region but not
influence greatly the flow in the immediate
neighborhood of the shock foot. In fact, as
will be seen later, large changes in the shock
structure were observed.

Instrumentation

The basic instrumentation and data reduction
procedure used in this apparatus are described
in Ref., 3. In summary, the instrumentation
includes a set of pitot-static rakes, anv of which
may be mounted on a 12.7 cm long base plate con-
taining the pressure transducers. The base plate
may be mounted flush with the floor plate at
various stations along the flow channel. In
addition, a second plate shown in Figure 4
incorporates a set of 10 pressure orifices and
transducers and 10 piezoelectric skin friction
transducers. This plate may also be located at
various streamwise positions to generate closely
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spaced pressure and skin friction data points.
In various tests, pressure transducers have also
been mounted at fixed positions along the floor
plate to measure the pressure distribution along
the full length of the model.

All of the transducers used in the basic
instrumentation are piezoelectric devices
developed at Calspan, They are described in
Ref. 6 and 7. Each transducer is compensated
internally to minimize acceleration effects
and, typically, they are linear to within £2%.
The pressure transducers have a full-scale range
of 690 kPa and a nominal sensitivity of 7.25 mv/
kPa., The skin friction transducers have a 6.4 mm
diameter sensing surface and can measure skin
friction up to 140 Pa. Typically, they have a
skin friction sensitivity of 3020 mv/kPa and a
pressure sensitivity of 0.7 to 3.0 mv/kPa. The
skin friction transducers were calibrated for
pressure sensitivity and corrections were applied
to the skin friction data. This was accomplished
using the surface pressure measured adjacent to
each skin friction transducer, Fig. 4.

PRESSURE
ORIFICE

SKIN FRICTION
DIAPHRAGM

Fig. 4 Skin friction survey plate.

Schlieren observations of the flow field were
made using a high speed framing camera operating
at a rate of about 7000 frames per second. This
diagnostic was used to determine the shock position
along with other structural features of the flow
monitored.

Recently, in order to complete the data, a
flow angle probe has been added to the instrumen-
tation deployed during the tests. This probe,
oriented to measure pitch angle, is used to record

the flow angle at a plane 4.0 cm below the top wall.

The flow angle probe, which consists of two tubes
mounted side by side and beveled at $45°, was
calibrated in a separate continuous flow tunnel

at M = 0.6 and 0.9. Its calibration was found to
be the same for these two Mach numbers and the
same calibration was assumed to hold in all of the
flow angle probe data reduction.

Discussion of Data and Preliminary Analysis

Undisturbed Velocity Profiles

In the present study a wall-wake model8 is
adopted to represent the mean flow quantities of

the undisturbed boundary layer. As pointed out
early by Seddon9 and confirmed subsequently by
others, this choice is appropriate. in the in-
coming flow, a logarithmic law of the wall repre-
sentation provides a well documented link with
the skin friction at the wall. Downstream of the
interaction, the tendency of the boundary layer
to return to an equilibrium profile represented
by the universal law of the wall is also well-
established. However, through the interaction,
the law of the wall representation is not satis-
factory and, therefore, a description of the flow
field in terms of the more fundamental integral
parameters is desirable.

Fitting the measured velocity profile to the
wall-wake model allows calculation of the condi-
tions defining the flow at the inlet of the
interaction. They are presented in Table I for
the two sets of test conditions discussed in this
paper. The exponent n for a power law model of
the velocity profiles, y ~ ul, is also retained
in the table because of its value of quick refer-
ence and adequacy in flows with zero pressure
gradient.

A degree of arbitrariness is contained in
Table I. In compressible flow the reduction
procedure from rake pressure measurements to
velocity profiles is an approximate one. This
results in a dependence of the reduced velocity
profile on physical assumptions made and cmpirical
constants required (for example, recovery factor).
When deriving characteristic or integral para-
meters from the velocity profiles, the error
intrinsic to the approximation is susceptible to
amplification or reduction, depending on the
calculation procedure. The latter, in turn, is
constrained by the amount of instrumentation
deployed in the test, namely skin friction
balances, temperature probes, etc. Only limited
concurrence is found in the literature on the
relative accuracy of commonly used data reduction
procedures in relation to flow regimes and princi-
pal parameters of interestl0,11,12. This available
basis, however, confirms the judgment that the
uncertainty associated with the values of Table 1
is irrelevant in relation to the quantitative
understanding of the shock wave-boundary layer
interaction set forth in this and previous studies.

TableXI
UNDISTURBED VELOCITY PROFILE PARAMETERS

8t @
SET| Rey M |17, | mmimm )| 4 [ n e x103

6x10% | 143] o086 | 170|326| 1688|1947 | 18
I |38x10% | 148 10 211379 1687]226]78 | 15
38x108 | 148 111 | 239|408|167|264[81 | 14

3x108 | 143 111 | 340 596]264]228]01 | 23
T [ gx108 | 143 111 | 346 |682|273|242]|74 | 25

Test sets I and IT1 differ both with respect to
the test flow conditions and the model. For the
temperature ratio investigation (set 1), the
boundary layer was allowed to develop on a 1,2 m
long plate. Adjustments in the supply tube charge
pressures werc used to control the density of the
test flow so that a constant Rep of 36 x 106 was
obtained with any of the selected test flow
temperatures. For the subsonic boundary condition
investigation (set 11}, the houndary layer devel-
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oped on a 2.4 m long plate. The constant tempera-
ture ratio of 1.11 corresponded to Ludwieg tube
operation at room temperature. Operation at charge
pressures of 35 and 138 kPa resulted in the test
Re, of 9 x 106 and 36 x 106, respectively. A
representative sample of the measured boundary
layers entering the interaction for both plate
lengths and constant Reynolds number are shown

in Fig. 5.
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Fig. 5 Undisturbed velocity profiles,
Re =36 x 106, M = 1.43.

Boundary laver calculations using the
integral method computer program of Ref. 13
were performed to provide a quantitative framework
in which to estimate the effects of test condition
variables as well as transition uncertainty on the
present experiment. Calculations at the free
temperature ratios of interest and free stream
conditions matching the experimental ones confirml4
the measured trends of & * increasing, form factor
H increasing, and skin friction decreasing as the
wall goes from slightly cool to slightly hot. It
is found that differences between the computed and
measured values of the above parameters diminish if
the natural transitional regime between instability
and full turbulence computed by the program is
reduced. The Schlichting-Ulrich-Granville method
is used to predict natural transition in the
program. In the experiment, early transition of
the boundary layer close to the plate leading
edge is anticipated based on model geometry and
the noise generated in the test flow by the
perforated nozzle. By adopting the option, avail-
able in the program, of forcing transition early

along the plate, it was possible to obtain quite
satisfactory agreement between cxperiment and
computation with respect to Cg. Agreement was
less satisfactory with respect to houndary layer
thickness.

This residual disagrcement between predicted
and measured values of the undisturbed boundary
layer entering the interaction does not affect the
measurements of concern in this experiment. For
the present purpose, the direct measurements are
to be used and their accuracy is satisfactory,
However, the disagrecement cvidenced is relevant
and, indeed, could be very important when scaling
of flows containing shock houndary layer inter-
actions is attempted. It also substantiates the
judgment that the derivation of similarity criteria
for a flow region confined to the neighborhood of
the interaction constitutes a simpler and pre-
requisite step to more rigorous scaling procedures
for practical airfoil flows.

Wall-To-Total Temperaturc Ratio Effect on the
Interaction

Heating the Ludwicg tube air supply while
keeping the model at room temperaturc produced
interactions at T, /Ty = 0.85, 1.0, 1.11. The
1.2 m long boundary layer plate and the arcea
relief shock holder were used. Nominal test
conditions were Rep = 36 x 106 and M = 1.43 or
1.46. Under these conditions T/T, = 0.97 cor-
responds to adiabatic flow. Thus the extreme
temperature ratios tested represent symmetrical
cases of heat transfer from the flow to the wall
and vice versa.

The effect of varyving T_,/Ty on the develop-
ment of the boundary layer prior to entering the
interaction was discussed in the preceding para-
graph. For the shock wave-boundary layer inter-
action, the measurcments of relevant s=cales,
surface pressures and sKin friction distributions
with varying temperature ratio are described in
the following.

Height of bifurcation - The height of the
shock pattern is rccorded in the schlicren movics.
A frame that is typical of the flow configuration
under steady conditions is presented in Fig. 6.

MOOEL ¥ LOOR

Fig. 8 Observed shock structure, area relief
model, T,/Tq = 0.85.

The normal shock is positioned at the ramp of the
area relief shock holder (the ramp is located
above the center of the nine tick marks on the

I
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observation window). The oblique waves in the
field-of-view are located within the dump tank

but external to the test section. They were elim-
inated in subsequent tests by fairing a small
discontinuity in the flow plate existing at the
model-nozzle junction outside of the test section
side wall. The flow on the upper wall at the
shock holder shows a large displacement. Extensive
separation appears to have occurred. On the

model flat plate, the growth of the boundary layer
through the interaction region is evidenced by the
darker region of flow close to the bottom of the
field-of-view in the schlieren picture.

The height of the bifurcation point has been
scaled from pictures similar to the one presented.
This height, 5.6 cm, is found to be nearly constant
with variation in the temperature parameter. The
slight variations in bifurcation height that were
observed are of order #8mm, an amount comparable
with the uncertainty in the height measurement.
There is some indication of a trend for the
bifurcation height to increase as Ty/T, becomes
larger. Nevertheless, when the bifurcation height
is normalized by the undisturbed boundary layer
thickness, A/ §y, the measurements indicate an
essentially constant, normalized height A /&, =
2.75 for the present tests at M = 1.46 and Rep =
36 x 106. This corresponds to stating that the
changes in the vertical extent of the interaction
as a result of varyirg Ty/To are totally due to
changes occurring in the incoming boundary layer.

The invariance of A /4§, with temperature ratio
ts quite revealing when considered together with
the measurea effect of T,/To on the longitudinal
extent of the interaction. In the following it is
shown that Jdecreasing Ty/T, increases the length
of the region of separated flow. At a fixed Mach
number, the height A /5, is governed by how far the
first disturbance in the incoming boundary layer
propagates upstream of the normal shock and by how
fast the thickness of the layer increases immedi-
ately downstream of the first disturbance. If a
region of separated flow is present, the above
viscous quantities are expected to be related to
the extent of the separation. This can coarsely be
described by the length and the height of the
separation bubble. The observed behaviour of
A. 6 y, then, rules out changes in the height of
the separated flow region as Ty/T, is varied. This
is certainly so at the foot of the bifurcation and
most likely even downstream. These circumstances
imply a degree of uncoupling between two phases of
the viscous laver development through the inter-
action. The separation phase, occurring at the
bifurcated foot, is dominated by inertia and pres-
sure tforces and is unaffected by temperature
changes. The momentum equalization phase occurring
downstream of the bifurcated foot, is sensitive to
density gradients and is found to be very depen-
dent on the T,,/Ty parameter.

Wall pressure distributions - In the temper-
ature effect investigation, surface pressures were
measured piecewise along the center line of the
model. Streamwise distributions were obtained
by joining pressure measurements taken over the
length of the pressure plate described previously,
that is, over 10 cm segments. Fixed test condi-
tions were maintained for the tests required to
cover the desired streamwise range. The relative
distance to the normal shock was derived from the

correlation of the schlieren record and the pres-
sure traces at fixed time. Overlapping of sequen-
tial pressure segments and run repetition provided
the desired consistency check.

The pressure distributions show the general
pattern that is well established for all transonic
shock wave-turbulent boundary layer interactions
that have been studied experimentally. The loca-
tion of the start of the interaction occurs
approximately two undisturbed boundary layer
thicknesses upstream of the bifurcation point.

An initial linear sharp pressure rise to a kink !
pressure (as termed in airfoil work by Pearcey and

others) occurs and is followed by a slower non-
linear pressure rise tending asymptotically
downstream toward the value expected for a normal
shock. The ratio of kink pressure to upstream
pressure is unaffected by the temperature para-
meter and has a value of about 1.55.

The relationship between kink pressure and
separation pressure is an important element in the
description of the interaction. The degree of
correlation between the location of the kink pres-
sures, and the location of the separation point,
defined by the criterion Cg = 0 (see following

Fig. 9 and 10) is shown in Fig.7. It is seen
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Fig. 7 Correlation of kink pressure and separation points.

that the present data do not support the conclusicn
that the kink pressure corresponds to the occur-
rence of separation in the flow. Separation, as
indicated by Cg¢ = 0, appears here to occur slightly
upstream of the kink pressure. No consistent trend
with Ty/To can be detected within the accuracy of
the data. After the kink location the pressure
variation remains smooth. No definite indication
of the occurrence of reattachment can be detected,
pointing to some degree of decoupling between the
pressure field and the velocity field when this
region of the interaction has been reached. Thus,
nothing can be inferred with respect to the
influence of the temperature on reattachment from
the surface pressure distribution alone. In
contrast, the percentage of the normal shock
recovery that is reached far downstream of the
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interaction at a fixed distance is found to be
clearly affected by the temperature parameter.

For example, at 30 cm from the pressure rise 88.1%
pressure recovery of the normal shock value was
obtained for Ty/T, = 0.85, decreasing to 85.1% for
Tw/To = 1.0 and 82.1% for T /T, = 1 11

Since the three sets of pressure data discus-
sed here differ in the value of the undisturbed
boundary layer entering the interaction, it is
relevant to determine whether accounting for such
a scaling factor alone explains the measured
temperature effect on the surface pressure dis-
tribution. This is indeed the case as confirmed

by Fig. 8. Here, the pressure measurements are
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Fig. 8 Heat transfer effect on wall pressure distribution,
Rep_ =36 x 106, M = 1.46.

shown plotted as a function of distance from the ,
start of the pressure rise (X-Xg) normalized by
the undisturbed boundary layer thickness § .
Within the scatter of the data, it is not possible
to discern o variation with the Ty/T,. As pointed
out earlier, minor changes in the nozzle porosity
that occurred during test phases resulted in
measurements at a freestream Mach number slightly
different (AM = 0.03) for T,/To = 0.85 and

Ty/To = 1.0 and 1.11. This difference has been
accounted for in Fig. 8. As a result of the
consistent comparison at fixed M and Rep, it can
be stated that the Ty/T, variation in the range of
the present experiment shows no influence on the
surface pressure distribution through the inter-
action. In particular, this is true for the
percentage of normal shock pressure recovery far
downstream of the interaction which has a value of
86 (£#1.3)% at 16 undisturbed boundary layer thick-
nesses downstream of the first pressure rise.

Skin friction distributions - Tangential
stresses acting on the flat plate surface were
measured throughout the interaction region with the
skin-friction tranducers. Fig. 9 and 10 present
the distribution of the skin friction coefficient,
Cg, as a function of streamwise distance from the
location of the bifurcation point, for the two
extreme values of T,/T,. The values of Cg result
directly from normalization of the measured tan-
gential stresses by a reference dynamic pressure
chosen, for the present data, at sonic flow con-
dition. Each Cg distribution, like the wall
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Fig. 10 Skin friction distribution, T,,/T, = 0.85.

pressure distributions, was obtained by joining
piecewise measurements.

The measured effect of varying the temperature
ratio on the skin friction distribution may be seen
by comparing Fig. 9 and 10. The length of the
separated flow region is found to be very sensitive
to variations in the T,/T, parameter. It should be
noted that the measurements were taken along the
center plane of the flow channel and any possible
variation of separation and reattachment points
across the width of the channel is neglected. In
the figures, the length of the separated region
corresponds with the region of negative Cg¢. As
the temperature ratio decreases from 1.11 to 0.85,
1g increases from 6.3 to 30.5 cm. Insight to the
mechanisms affecting the separated flow region is
offered by details of the skin friction distribu-
tions. The onset of separation relative to the
location of the normal shock wave remains nearly
unchanged as Ty/T, decreases, as does the sharp
drop down to the negative minimum. In contrast,
the slope of the linear rise toward positive values
decreases remarkably with Ty,/Ty. As a result,
reattachment of the flow occurs farther downstream
of the normal shock location when T,/T, has a lower
value. It is thus the momentum transfer in the
predominantly subsonic flow region downstream of
the shock that is affected by the thermal gradient
characteristic of the incoming boundary layer.

The data for Ty/To = 1.0 and 1.11 show a
fairly well defined positive plateau downstream
of reattachment. The C¢ level reached is respec-
tively, 47% and 96% of the undisturbed value.

In the data for Tw/Ty = 0.85, the separated flow
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region extends more than 25 c¢m downstream of the
normal shock location, and the available skin
friction measurements do not extend bevond the
region of linear Cg rise. An indication of the
adjustments in skin friction that are to be
expected, due only to the imbalance of momentum

and mass flow rate that occurs in the sudden tran-
sition from supersonic to subsonic flow, was sought
by simple boundary layer computations. The same
momentum and moment-of-momentum integral equations
that were used to compute the growth of the
undisturbed boundary laver were solved with initial
conditions specified by the displacement and
momentum thicknesses at the start of the inter-
action and subsonic outer flow. The subsonic
inviscid flow conditions used were the ideal ones
valid downstream of a M = 1.db normal shock, that
is, M = 0.716 and total pressure 94.2% of py. The
computations show a monotonic decrease of the
shtpe parameter, H, toward an equilibrium

value nearly independent of the temperature ratio.
The decrease in H is accompanied by a marked
reduction in § * before the equilibrium growth

rate is established. This reduction in &* is
strongly temperature ratio dependent. As a
consequence of these velocity profile adjustments,
the shin friction behaves as the solid line plotted
in Tigs. 9 and i0. A sudden temperature independent
reducrion by a factor of about 1.35 in (g is
computed to satisfy the equations with the given
initial conditions. From this level a rise,
dependent on temperature ratio, is computed up to

4 maximum bevond which the equilibrium decrease
takes over (not shown in the figures).

The interesting features that are common to
neasurcments and computations are: a) the rates
of Cy rise to equilibrium downstream the shock
sho . the same trend with changes in the temper-
ature parameter, b) the values of the Cy plateaus
that precede cquilibrium growth display similar
increases in terms of percentages of the undis-
turbed values as Ty,/To is increased. While simple
boundary layer computations such as the ones
presented are well known to be inadequate to
predict shock-boundary laver interactions, in
tight of tne above they offer some relevant indi-
cations.

The experimentally observed temperature effect
on the length of the separated region, 3appears to
result from the combination of two mechanisms. The
pressure- jump-induced viscous-inviscid interaction,
which dominates the onset and carly separation
region, causes a negative jump in Cg. The magni-
tude of this jump decreases as Ty/1, increases.
the velocity equilibration in the boundary layer,
which is predominant during the progression toward
reattachment, causes the (¢ value to approach its
plateau value more rapidly when T,/T, increases.

In combination these etfects cause reattachment

to occur more quichly when T,/T, is high. This
interpretation is better illustrated by Fig. 11.

The differences in the values of the undisturbed
houndary laver entering the interaction that exist
tor the three temperature ratios tested have been
accounted for by replotting each skin friction
distribution with streamwise distance normali:ed

by 8 . The origin of the abscissa is taken at the
point of separation \;. In combination with

Fig. 8 describing wall pressures, Fig. 11 well
illustrates the magnitude of the temperature ratio
effect on the length of the separated flow and the
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Fig. 11 Heat transfer effect on skin friction distribution,
Reg = 36 x 106

post-shock, momentum-transfer-related character
of this effect.

Velocityv profiles through the interaction -
Pitot and static pressure surveys were made in the

24

interaction zone. These surveys were used to infer

velocity profiles. Ideally, a very fine mapping
of the velocity field throughout the interaction
is desirable, because it is the velocity vecter
changes that display the details of the viscous-
inviscid coupling dominating the phenomena. Both
streamwise and transverse (normal to the tlat
plate) components of the velocity vector are
relevant, since the flow deviates remarkably from
its initial boundary layer character. Direct
detection of flow angularity is, in fact, anti-
cipated to be a capability pacing the advancement
of the understanding of shock boundary layer
interactions. However, only longzitudinal velocity
components were measured in the T,/T, investiga-
tion. Practical limitations to the desired
detailed mapping of the longitudinal component
velocity field were also encountered.

Velocity profiles obtained at a temperature
ratio of 0.85 and Reynolds number of 36 x 100 are
presented in Fig. 12. The local velocity u has
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Fig. 12 Velocity profiles, Re; = 36 x 106, M = 1.43,
To/To = 0.85.
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been normalized by the velocity u, at the edge

of the viscous layer and is presented in semi-
logarithmic plot versus the distance y normal to
the wall. Individual profiles are labeled with

the distance, in the model reference frame, of the
station at which they were taken. Such distance,
X, has been normalized by the value of the undis-
turbed boundary layer thickness §,. Semiloga-
rithmic plots of the boundary laver velocity
profiles readily indicate the deviations of the
boundary layer from its equilibrium form descvribed
by the wall-wake model, as the interaction is
traversed. First, the logarithmic region that is
well-defined between y = 0.5 mm and y = 7,6 mm

in the undisturbed boundary layer, is found to
decrease in extent and in slope. This occurs when
the boundary layer is retarded due to the pres-
sure rise in the interaction region. Separation
has occurred upstream of X/§, = 3.0 and the area
of reversed flow which is characteristic of this
region, is indicated by the height at which u/u6= 0
is obtained. These findings are in good agreement
with the skin friction data. Throughout the
separation region, the slope of the residual
logarithmic portion of the velocity profiles
remains fairly unchanged. At a distance X/ 6y =12
the velocity profiles evolve rapidly in slope in
the logarithmic region. However, mutations in the
inner portion of the boundary layer appear to trail
somewhat behinrd. Skin friction distribution data
indicate reattachment taking place at X/ 6, =16.
The boundary layer growth, indicated by the two
independent direct measurements is thus consistent.
Overall, the velocity profile measurements substan-
tiate the observations of the previous section on
the mechanisms at play in shaping the temperature
effect on the interaction phenomena.

Subsonic Boundary Effect on the Interaction

Seven porosity distributions covering, values
12.5, 9.4, 6.7, 4.6, 2.2, and 0% average porosity,
were used to change the subsonic boundary condition
downstream of the interaction. Mass removal was
variously concentrated toward the front or the
rear of the holder. Porosity selection is deter-
mined by the desired pressure gradient but is
constrained by the requirements for obtaining a
stable shock in the appropriate position within
the flow time available in the Ludwieg tube. The
test time required for shock wave formation at the
choking flap and its trajectory toward the holder
lip depend significantly on p,, the ratio of p, to
vacuum tank pressure, the porosity magnitude and
distribution, and the choke flap setting. Only a
coarse range of choke settings was used with each
porosity in the initial test which was performed
to explore subsonic boundary effects and to
investigate the apparatus limits, As a result
only some of the porosity/choke setting combina-
tions gave rise to stable shock patterns. Three
such combinations having stoble bifurcations within
the field of view of the schlieren at both Rep, =
36 x 106 and 9 x 106 have been singled out for
discussion. Measurements for the solid case
(0 = 0), which gave a stable shock only at the
lower Rey, are also presented.

Bifurcation height and location - With all
of the porous holder configurations tested, a well
defined shock structure was observed to move into
the field of view at a speed between 10 and 20 ms-l
depending on the test parameters. A nearly normal
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upper wave branch and a tall bifurcated foot form
the structure. Typically the height of the
bifurcation is observed to undcrgo minor changes
as the upper normal shock travels within the model,
Fig. 13A (and position "a' in the sketch of

Fig. 14). The schlieren photographs in Fig. 13
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Fig. 13 Observed shock structures, 9.4% linearly
tapered porosity.
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show the deflection of boundary layer tufts which
were mounted on the flow channel windows as a

part of a concurrent corner flow investigation.
They will not be discussed further here. Fig. 14
shows the variation in bifurcation height with
distance along the flow channel for the porosities
tested at Rep, = 36 x 106. As the normal shock
passes ahead of the holder lip, located at x =

4.4 cm, the forward movement of the bifurcation
point is strongly reduced and its height increases
rapidly, Fig. 13B (and position '"¢" in the sketch
of Fig. 14). For the porosities that result in a
stationary shock pattern, the height reaches a
stationary value at that position which is indica-
ted by the solid points in Fig. 14. It lasts until
the end of the steady state test flow. The time
period over which the shock was stable at the test
position is indicated by the plot of X height vs
time shown in Fig. 15. Again the filled symbols
indicate the stable shock position. In the three
sets of data shown for porous shock holders the
shock was stable for test times ranging from 15

to 25 msec. In the test with a solid top wall,
the shock did not stabilize at all.
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Fig. 15 Histories of bifurcation height, Re;_ = 36 x 106.

A possible factor in determining the height
of a bifurcated shock structure is the degree of
constraint applied to the streamline deflections
behind the shock. During the period in which the
shock remained within the shock holder flow
channel, the bifurcation height remained nearly
constant. In the 9.4% LT case, in which the local
porosity increased to 12.5% as the shock moved
forward, the increase in streamline deflection
behind the shock produced a moderate continuing
increase in the A height. As the shock moved
farther forward beyond the lip, the local effec-
tive porosity approached 100%, the streamline
deflection increased, and the A height increased
sharply to an equilibrium value compatible with
the spillage at the lip. For the other two
porosities shown in Fig. 14 the porosity in the
region 3<x<15 c¢m was zero or nearly zero and
the A height was smaller than that in the 9.1% LT
case. Furthermore, because the porosity was not
varying, the A height remained approximately
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constant until the shock moved forward of the
shock holder lip. At that point the increasing
streamline deflection due to spillage over the
shock holder lip again caused a large increase in
bifurcation height.

The data measured while the shock is moving
through the shock holder flow channel strictly do
not represent a steady flow case (as do the test
points with the shock located at its stable posi-
tion ahead of the shock holder lip). However the
speed of the moving shock is small compared with
the flow speed (x5%), and the indicated trends
are believed to be correct. In fact earlier
comparisons between pressure data measured with
slowly moving shocks and with stationary shocks
show no significant difference.

Results of the test performed at Rep =
9 x 106 follow the same pattern. Both a constant
height bifurcation slowly moving in the model and
a constant height bifurcation stationary in front
of the holder lip were observed. Fig. 16 shows
their values and locations. Comparing the
values inside the holder, it is found that they
have increased at equal porosity as the Reyp has
decreased. A similar trend was documented pre-
viously3 for the area relief shock holder. The A
increase due to the Rey decrease is about 30% for
the porosity distributions 9.4 LT and 6.7 DT but
only about 10% for the porosity 4.6 AFT. Not
enough information is available at this stage to
interpret this result.
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Wall pressures - During the investigation of
the subsonic boundary effect, surface pressures
were measured over the entire length of the model
during each test. Pressure taps in the floor plate
at fixed locations, more closely spaced at the lip,
were used to this end. Additional measurements
to fill in the basic coarse distribution were
obtained when necessary by using the movable
instrumented plate. Reading of pressure histories
from each gauge at a fixed time produces a
chronological description of the pressure rise in
the model as the shock moves forward. Close to
the lip the shock is in the field of view and
direct correlation of wall pressure and bifurca-
tion extent is possible.
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The two constant height bifurcation phases,
described previously in relation to the shock
configuration, are found to have a precise
correspondence in terms of surface pressures.

When the bifurcation occurs inside the model, wall
pressures are found to be very nearly self similar
in distance. Thus the pressure level reached at
any one fixed distance from the first rise is the
same. As a result of the shock structure movement,
however, the pressure at any fixed distance in the
model frame of reference is continuously increas-
ing. In particular this is true at the outlet of
the model, where a maximum in wall pressure is
reached only when the shock structure is expelled
from the lip. The effect of porosity during this
phase has yet to be fully analyzed. It is appar-
ent however that a relationship exists between the
observed bifurcation height and the slope of the
sharp pressure rise. This follows the trend
observed previously in connection with Reynolds
number increases: smaller bifurcation heights
correspond to sharper pressure rises.

When the bifurcation occurs in front of the
model, no further changes take place in the wall
pressure inside the holder. The forward movement
of the shock structure to its stable position is
associated in this phase with a reduction of
the kink pressure level, with the non-linear
pressure rise following the kink describing an
envelope line that matches the extrapolation of
the pressure distribution inside the holder. Most
remarkable is the insensitivity of the wall pres-
sures to the porosity distribution for all the
interactions taking place in front of the lip.
Fig. 17 shows the wall pressures recorded at a
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Fig. 17 Effect of subsonic boundary variations on wall
pressure, Rep = 36 x 10°.

Rep of 36 x 105 and a fixed time of 82 msec when
each porosity/flap condition shown has reached its
stable shock configuration. There is no detectable
effect of the porosity on the pressure distribu-
tion region located inside the holder. Outside of
it the extent of the sharp pressure rise is

reduced in proportion to the inverse of the
bifurcation height. As a result the kink pressure
value is reduced from p/py = 0.45 to 0.41 for
0=6.7 DT to 4,6 AFT, respectively. The locations
of the observed bifurcation point are also re-
corded in Fig. 17. Their position relative to the
beginning of the sharp pressure rise corresponds

to a description of the shock structures as having
constant inclination of the forward shock leg and
the measured bifurcation heights.

Figure 18 presents wall pressures recorded at
Rep = 9 x 106 with shock structures in the stabie
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Fig. 18 Effect of subsonic boundary variations on wall
pressure, Re|_= 9 x 105,

positions of Fig. 16. The observations made at the
higher Re; regarding the chronology of pressure
development in the model, effect of position rela-
tive to the lip and effect of porosity remain valid.
However, at this Reynolds number the sharp pressure
rise regions fall beyond the limits of the deployed
instrumentation. The wall pressure distribution
inside the holder is somewhat lower for the zero
porosity case than for the other porosities. Here
there is no suction whatsoever applied to the
boundary layer growing at the top surface of the
holder and a larger viscous blockage effect is to
be expected. Disregarding this difference, direct
comparison of Figs. 18 and 17 shows a major effect
of Ref, on the wall pressure in the interaction.

The rate of pressure recovery is lower evervwhere
at Re; = 9 x 109 resulting in a level of 77.8% of
the normal shock value at 35 cm behind the lip.
This value compares with a corresponding 83.8% in
the Rep = 36 x 108 results.

Velocity profiles and streamline deflections -
Throughout the subsonic boundary investigation
tests, velocity profiles were also measured at a
fixed location situated toward the rear of the
model at X = 68 cm. Rakes of various heights were
used to this end. The tallest rake spans the
entire model height with 10 static and 10 pitot
probes. For all the interactions generated with
the porous shock holder the velocity profiles
indicate a separated flow region near the model
floor. Spot checks with the skin friction trans-
ducers at various downstream locations in the model
concur to indicate that no reattachment takes place.
The analysis of the velocity profiles measured is
not complete. It is expected that their descrip-
tion of the transverse extent of the separation
bubble will provide useful elements in the inter-
pretation of the link between mass spillage at
the lip and flow deflection controlling the
interaction.

Streamline deflections 3.8 cm below the porous
holder surface were measured directly with the flow
angie probe for the 9.4 LT porosity distribution.
The deflection measured was pitch in the vertical
plane of symmetry of the model. In general, the
histories show a stable upward flow first per-
turbed by a large upward increment, as the normal
shock sweeps by, and then subsiding to a stable
value larger than the undisturbed one. Streamline
angles measured at three locations in the model are
shown in Fig. 19. The open and filled symbols
connected by a straight line represent flow
deflections in the supersonic stream. They were
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Fig. 19 Streamliines angle at 9.4 LT shock holder,
Reg = 36 x 109,

measured both with a shock-free test flow (filled
symbols) and using readings before the arrival
of the shock. The open triangles represent the
flow deflections measured with the shock in the
stationary position in front of the holder lip.
The transient values associated with the passage
of the shock at the probe were found to corres-
vond well with the deflections estimated on the
basis of local shock inclination as indicated by
the schlieren record.

Comparison with Previous Experiments

The results of the present investigation reveal
that transonic shock-boundary layer interactions
are significantly affected by the ratio of wall-to-
total temperature and, for the configuration tested,
by the geometry of the subsonic flow boundary
downstream of the interaction as well as by the
Reynolds number and Mach number investigated
previously.

. y . : 3 .16

Vidal, Wittliff, Catlin and Sheen™, Kooi™ ~,
and Matecer, Brosh and Viegasl7 have shown the
dependence of the surface pressure distribution
on the Reynolds number ahead of the shock wave.

In particular, Kooi compared his _data obtained at
Rer, = 20 x 10°® with Calspan data3 obtained at

9 x 105 and 36 x 106 and observed that the initial
pressure gradient increases with increasing Reymolds
number. The data of Mateer confirms this depen-
dence. Later, Kooil8 showed that the pressure
distribution, after the initial rapid rise, is
dependent on the Mach number ahead of the shock
wave. The present data show that the surface pres-
sure distribution is independent of Ty/T, when the
streamwise distance is normalized by the undis-
turbed boundary layer thickness. The subsonic
boundary condition investigation shows that the
surface pressure distribution correlates directly
with the height of the bifurcated shock structure.
Variations in the constraints imposed on streamline
deflections at the subsonic boundary result in
changes in the height of the shock bifurcation.
Taller bifurcations are found to correspond to
smaller kink pressure values and to smaller slopes
of the initial sharp pressure rise. The correla-
tion hetween these changes in surface pressure and

the height of bifurcation appears to hold in
general. As pointed out, it is valid for increases
in Rey. This correlation also applies to the
decrements in pressure which Kooi found sccur with
increases in M, which are associated with increases
in A . Kooil®.18 has shown that the pressure rise
at the foot of the shock can be computed using a
"free interaction" formula up to the point of
impingement of the rear shock on the viscous layer.
The formula used links d 8 */dx to Ms (x) via a
Prandtl-Meyer compression model. The present
results do not contradict such calculation scheme.
However they may restrict its applicability to a
smaller distance at the shock foot.

The relationship measured in Calspan studies
at M =~ 1.43 between the vertical and streamwise
scales of the interaction characterized by A and
1s, normalized by 8,,, is shown in Fig. 20. All of
the data points in Fig. 20 were measured with the
area relief shock holder. With the perforated
shock holder installed the bifurcation height was
found, as in the area relief case, to increase with
decreasing Rey (T,/T, = constant). With the shock
structure in the same position within the 9.4 LT
shock holder, the measured X\ /&y values were 6.5
and 7.5 at Rep = 36 x 109 and 9 x 10° respectively.
The separated region extended downstream beyvond the
available instrumentation and 1¢/ 6, is known only
to be greater than 20 for all of the data with the
perforated shock holder.

V CALSPAN LONG PLATE (VIDAL, REF. 3)
G CALSPAN SHOAT PLATE (PRESENT STUDIES)
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Fig. 20 Rey and T\/T, effects on interaction lengths,
M~1.43,
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Kooi18 has compared the normalized separation
length data of Seddon®, Vidal, Wittliff, Catlin and
Sheen3,19, East20, Sawver-l and Mateer, Brosh, and
Viegasl7. The Calspan data used in that compari-
son were taken at T,/T, = 1.1l and 1.0 (Refs. 3, 19),
and Kooi did not note the dependence of normalized
separation length on the temperature ratio. Kooi's
comparison suggests that both the Mach number and
Reynolds number have a strong influence on the extent
of separation. The normalized separation length
increases with increasing Mach number and decreases
with increasing Reynolds number.

A comparison of normalized separation length
as a function of Reynolds number Re5u. similar to

that made by Kooi, is shown in Fig. Zl. Data
obtained by Seddon?, Kooil6,18 East<0 and

Sawyer, East and Nash<l are compared with previous
Calspan data and with present results. For each
data point, the Mach number ahead of the shock and
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O CALEPAN LONG PLATE 2. The normalized length 14/8, of the
@ CALESPAN SHORT PLATE PREDENT STUDIES) separated flow region is found to decrease as
O xoot the wall-to-total temperature ratio is in-
4 SE000N creased. Reduction in the extent of separa-
O tast tion behind the shock was obtained in past
» NUMBERS AT SYMBOLS INDICATE (MACH NO., T_/T ) experiments by decreasing Mach number or by
L]

increasing the Reynolds number of the incoming
' flow. The length of separated flow region
responds dramatically to the moderate but sus-
tained flow deflections imposed by the per-
forated shock holders that were tested. No
reattachment occurred in the present explora-
tory tests over a distance of over 20 undis-
turbed boundary layer thicknesses downstream of
the interaction. Aggregate results from four
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\ } st applicable investigations of the variations of
" 1s/8y are still insufficient for an empirical
Y formulation of the functional dependence of
R a separation length on Re§y,, M and T, /T,. How-
' ever, the stated trends are well defined.
' o Furthermore, it is found that 14/8, is much
{ L1l L "‘“l' i 148,190 more sensitive to variations in Mach number
{ o n 100 and wall-to-total temperature ratio than
‘5. Reynolds number.
: ‘l Fig. 21 Variation of Ig/§ , with R'suvM"‘dTwno' (8) With regard to surface pressure distributions:
the temperature ratio Ty/T, are noted in parenthe- 1. The surface pressure distribution has
ses. As indicated above, Kooi's data at Re§, = been found to be independent of wall-to-total
2.3 to 3.0 x 105 show the effect of Mach number temperature ratio when heat transfer effects
on separation in that the separation length on the incoming boundary layer are accounted
i increases with Mach number, while the previous for in the definition of the interaction
1 Calspan data at M = 1.46 and Ty/To = 1.11 and boundary conditions (i.e. when streamwise
; Kooi's data at M = 1.44 and Ty/T, = 0.97 show that distance is norma§1zed by the undisturbed
separation length decreases with increasing Rey- boundary layer thickness §y).
nolds number. In Fig. 21, the present data at . .
Reynolds numbers based on 3, from 5 x 105 and 2. .Xn general, the surface prgssure distri-
7 x 105 illustrate the trend of increasing separa- bution is found to correlate directly with the
tion length with decreasing temperature ratio. height X of the bifurcated shock structure.
] Steep linear pressure rises to higher kink

The results of the subsonic boundary investi- pressure levels are associated with small A

. gation correspond to Re§, values of 5 x 105 and and vice versa. The effech.Of M, ReL and'
! 1.3 x 102, at which sepagation lengths in excess of ;:: ::::o::;lzzgzgazi i::d;::g: on th;S tzlght
! 20 occur. On the basis of all these data, it appears distribution ce pressu
| that separation length is much more sensitive to :
Mach number and temperature ratio than to Reynolds (C) With regard to surface skin friction:
number. :
. 1. Surface skin friction measurements usin
Conclusions flush-mounted transducers have been used tog
Interactions of a normal shock with the turbu- ::;:rzzger:hitgzizzn:f bgzndary tay;r separa-
Eent bogndary laver at M = 1.43, Rep = 9 x 106 and tion relat?ve to the.loca:ig:s:f :hes:g:;:;
36 = 10 and Tw/Tb.’ 0.85, 1.0, and %'!1 have been shock wave, was found to be independent of the
investigated experimentally. In addition the temperature ratio, T./T In ¢ ¢
effect of changing the subsonic boundary condition reagt Chur tr ' f" tg' dn contras ' th
downstream of the interaction has been explored by 2 men' moves tarther downstream of the
using various amounts of porosity in the shock normal shock as T,/To decreases.
generator sustaining the shocked flow, The pre-
< liminary analysis of the data presently available + References
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